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Research
The association between air pollution and 
cardio  vascular morbidity and mortality is 
supported by epidemiologic and experimen-
tal evidence (Bhatnagar 2006; Brook et al. 
2004; Delfino et al. 2005; Dockery et al. 
1993; Dominici et al. 2006; Donaldson et al. 
2001; Petrovic et al. 2000; Samet et al. 2000; 
Schwartz 1999). Systemic inflammation may 
be one of the potential mechanisms mediat-
ing the effect of air pollution on cardiovas-
cular outcomes (Pekkanen et al. 2000; Peters 
et al. 1997, 2001a, 2001b; Rückerl et al. 2007; 
Schwartz 2001; Seaton et al. 1999).
Elevated systemic levels of interleukin-6 
(IL-6) have been demonstrated to be an 
independent risk factor for cardiovascular 
morbidity and mortality (Cesari et al. 2003; 
Volpato et al. 2001). IL-6 also stimulates the 
production of acute-phase proteins, including 
C-reactive protein (CRP), which can pre-
dict cardiovascular risk (Ridker et al. 2000). 
The literature documents pollutant-associated 
elevations in pulmonary IL-6 in healthy sub-
jects (in vivo) and tissue (in vitro) and pollut-
ant-associated elevations in systemic IL-6 in 
subjects with preexisting chronic inflamma-
tory conditions (Arsalane et al. 1995; Carter 
et al. 1997; Devlin et al. 1991; Dubowsky 
et al. 2006; Nordenhäll et al. 2000; Quay 
et al. 1998; Rückerl et al. 2006), although 
this association has not been demonstrated in 
young, healthy subjects.
Similar to IL-6, elevated levels of fibrino-
gen have been shown to be an independent risk 
factor for cardiovascular disease (Fibrinogen 
Studies Collaboration 2005; Kannel et al. 
1987) and have also been hypothesized to be 
associated with air pollution (Chuang et al. 
2007; Pekkanen et al. 2000; Rückerl et al. 
2007; Seaton et al. 1999; Steinvil et al. 2008). 
This hypothesis is supported by literature 
considering air pollution and disturbances in 
hemostasis in general (Baccarelli et al. 2007, 
2008; Nemmar et al. 2006), although studies 
considering the specific association between 
air pollutants and fibrinogen report conflicting 
results (Chuang et al. 2007; Pekkanen et al. 
2000; Rückerl et al. 2007; Seaton et al. 1999; 
Steinvil et al. 2008).
Human exposure studies aim to deter-
mine the biological effects of air pollutants by 
using controlled levels of pollutants coupled 
with an extensive exposure characterization 
and detailed measurements of physiologic 
outcomes. For example, controlled human 
exposure studies using fine concentrated 
ambient particles (CAPs) have demonstrated 
changes in biomarkers associated with sys-
temic inflammation, including IL-6 and 
fibrinogen (Gong et al. 2003, 2004, 2008; 
Petrovic et al. 2000).
In this study we investigated the asso-
ciation between ambient air pollution and 
inflammatory markers using baseline data 
from chamber study exposures. We con-
sidered the effects of ozone, nitrogen diox-
ide, sulfur dioxide, and particulate matter 
≤ 2.5 µm in aerodynamic diameter (PM2.5) 
on IL-6 and fibrinogen, using single-pollutant 
models to analyze repeated-measures data in a 
group of healthy subjects. We investigated the 
temporal association between exposure to the 
pollutants and changes in IL-6 and fibrinogen 
using moving averages up to 7 days.
In addition to addressing the question 
of what effect, if any, ambient air pollution 
exposure has on the baseline levels of IL-6 
and fibrinogen, the findings of this study may 
have additional relevance to the interpretation 
of human chamber exposure studies: If ambi-
ent pollution exposure significantly effects 
subjects’ baseline inflammatory markers, then 
pollutant exposure before controlled human 
exposure studies including CAPs may mod-
ify subjects’ inflammatory responses. Before 
investigating possible effect modification 
by ambient pollution exposure on human 
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in t r o d u c t i o n: Systemic inflammation may be one of the mechanisms mediating the association 
between ambient air pollution and cardiovascular morbidity and mortality. Interleukin-6 (IL-6) and 
fibrinogen are biomarkers of systemic inflammation that are independent risk factors for cardio-
vascular disease.
oB j e c t i v e: We investigated the association between ambient air pollution and systemic inflamma-
tion using baseline measurements of IL-6 and fibrinogen from controlled human exposure studies.
Me t h o d s : In this retrospective analysis we used repeated-measures data in 45 nonsmoking sub-
jects. Hourly and daily moving averages were calculated for ozone, nitrogen dioxide, sulfur dioxide, 
and particulate matter ≤ 2.5 µm in aerodynamic diameter (PM2.5). Linear mixed-model regression 
determined the effects of the pollutants on systemic IL-6 and fibrinogen. Effect modification by 
season was considered.
re s u l t s: We observed a positive association between IL-6 and O3 [0.31 SD per O3 interquartile 
range (IQR); 95% confidence interval (CI), 0.08–0.54] and between IL-6 and SO2 (0.25 SD per 
SO2 IQR; 95% CI, 0.06–0.43). We observed the strongest effects using 4-day moving averages. 
Responses to pollutants varied by season and tended to be higher in the summer, particularly for O3 
and PM2.5. Fibrinogen was not associated with pollution.
co n c l u s i o n s: This study demonstrates a significant association between ambient pollutant lev-
els and baseline levels of systemic IL-6. These findings have potential implications for controlled 
human exposure studies. Future research should consider whether ambient pollution exposure 
before chamber exposure modifies IL-6 response.
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chamber exposure study outcomes, it is first 
necessary to address what effect, if any, ambi-
ent pollution exposure has on subjects’ base-
line inflammatory markers, and this was the 
primary goal of this study.
Materials and Methods
Study population. The study population con-
sisted of 45 adults 18–40 years of age who par-
ticipated in one of two studies conducted in 
Toronto, Ontario, Canada, between 14 July 
1999 and 25 February 2003 (study A) and 
between 8 January 2004 and 27 March 2006 
(study B) and who had IL-6 and fibrinogen 
measurements at baseline before human cham-
ber exposure to air pollution. Exclusion criteria 
common to both studies were based on clini-
cal situations or drugs that had the potential 
to alter systemic inflammation and vascular 
reactivity. Subjects were excluded if they had 
a history of coronary artery disease, previous 
myocardial infarction, peripheral vascular dis-
ease, angina, heart failure, or atherosclerosis 
or used any medications associated with car-
diovascular disorders. For the asthmatic par-
ticipants (n = 10), additional exclusion criteria 
were a forced vital capacity or forced expiratory 
volume in 1 sec of < 75% of the predicted nor-
mal value, or use of oral medications or inhaled 
corticosteroids for asthma. Bronchodilators 
were withheld from midnight before each visit. 
Subjects were also requested to refrain from 
taking any vitamins or over-the-counter prepa-
rations in the 48 hr before each visit.
Study design. We conducted a retrospective 
analysis using repeated-measures data collected 
as part of two controlled human exposure 
investigations. The data used in this study 
consisted of the baseline measurements taken 
before subjects entered the exposure chamber. 
Height and weight measurements were taken 
during the initial visit. Blood draws were con-
ducted at 1000 hours on the day of each visit 
for all participants. All visits were in random 
order and separated by at least 2 weeks.
This study was approved by the St. 
Michael’s Hospital Research Ethics Board. The 
studies from which data were derived complied 
with relevant research ethics guidelines as well 
as the Ontario Personal Health Information 
Act (Personal Health Information Act 2004). 
Human participants gave written informed 
consent before enrollment in the study.
Blood analyses. Venous blood was col-
lected in EDTA tubes for IL-6 and sodium 
citrate tubes for fibrinogen. Samples were 
centrifuged, and the resulting plasma 
samples were stored at –70°C until analy-
sis. Depending on the study for which the 
sample was drawn, samples were analyzed 
for IL-6 using either commercial high- 
sensitivity enzyme-linked immuno  sorbent 
assay (ELISA; Amersham Pharmacia, 
Little Chalfont, Buckinghamshire, UK) or 
the multiplex Luminex bead assay method 
(Luminex, Austin, TX, USA). Fibrinogen 
concentration was determined quantitatively 
based on the Clauss clotting method (MLA 
1600; Medical Laboratory Automation, 
Pleasantville, NY, USA).
Exposure measurements. Hourly ambient 
pollutant data (O3, NO2, SO2, and PM2.5) 
were obtained from an Ontario Ministry of 
the Environment fixed-site air-monitoring 
station located in downtown Toronto. Hourly 
temperature and humidity data, collected at a 
fixed-site air-monitoring station at Pearson 
International Airport in Toronto, were pro-
vided by Environment Canada.
Statistical analysis. We conducted uni-
variate explorations for all variables using 
histograms, linear graphing techniques, and 
summary statistics. We calculated Spearman 
correlation coefficients for the pollutant and 
meteorologic data to investigate the relation-
ships among these variables over the study 
period. The associations between the inflam-
matory markers, IL-6 and fibrinogen, and the 
pollutants, O3, NO2, SO2, and PM2.5, were 
analyzed using linear mixed-effects models 
with random patient intercepts to account 
for repeated measures. Date, day of the week, 
season, and 24-hr moving averages for rela-
tive humidity and temperature were included 
in the models as time-varying confounders 
based on goodness-of-fit as determined using 
Akaike’s information criterion. Age, sex, body 
mass index (BMI), and asthmatic status were 
included as time-invariant participant charac-
teristics associated with the mean levels of the 
inflammatory markers to permit the assump-
tion of a normally distributed random patient 
intercept. Age and date were included in the 
models as linear variables. We considered data 
for each of the pollutants at the time of blood 
draw (baseline) along with the 2-, 4-, 6-, and 
12-hr and 1- to 7-day moving averages of the 
pollutants. We assessed effect modification 
using an interaction term in the models while 
also including the main effects of season and 
pollution. The interaction term consisted of 
a four-level categorical term for season multi-
plied by the pollutant being analyzed.
IL-6 data from each study were not 
directly comparable because study A analyzed 
samples using ELISA plates whereas study 
B used the Luminex bead assay system. To 
allow compilation of the IL-6 data into a 
single data set, the data were transformed to 
standard scores (Z-scores). As a result, effect 
estimates for IL-6 are presented as the linear 
change in the SD of IL-6 per each pollutant’s 
interquartile range (IQR). Fibrinogen levels 
were measured using the same techniques in 
both studies, so effect estimates for fibrino-
gen are presented as the linear increase in 
fibrinogen (grams per liter) per each pollut-
ant’s IQR.
Data were analyzed using the statistical 
package SAS version 9.1 (SAS Institute Inc., 
Cary, NC, USA).
Results
Study population. The study population 
consisted of 45 participants (22 males, 23 
females) with a mean of 3.9 (range, 1–6) 
repeated blood samples, mean age of 26.6 
years (range, 19–48 years), and mean BMI of 
22.7 (range, 17.8–29.9). Ten of the 45 sub-
jects had a history of well-controlled asthma.
Inflammatory markers. Table 1 displays 
summary data on the inflammatory markers 
by study and participant characteristics. A 
total of 163 samples of IL-6 and 160 samples 
of fibrinogen were available for analysis. IL-6 
and fibrinogen were moderately correlated 
(Spearman correlation coefficient = 0.21, 
p = 0.01).
Pollutant data. The mean (range) mete-
orologic and pollutant data were as follows: 
temperature, 9.2°C (–24.6 to 37.2°C); relative 
humidity, 69.6% (15–100%); O3, 21.9 ppb 
(0–136 ppb); NO2, 23.8 ppb (0–106 ppb); 
SO2, 3.5 ppb (0–70 ppb); carbon monoxide, 
0.7 ppm (0–4 ppm); and PM2.5, 8.5 µg/m3 
(0–140 µg/m3). These levels are comparable 
to those reported for major cities in Europe 
and the United States (Dubowsky et al. 2006; 
Rückerl et al. 2007). Table 2 displays the mete-
orologic and pollutant data stratified by season.
Table 3 displays correlations for the pol-
lutants and meteorologic parameters. We 
Table 1. Inflammatory markers by study and participant characteristics.
Study/characteristic
No. of 
subjects
Mean fibrinogen 
(range) (g/L)
Mean IL-6 (range) 
(pg/mL)
Study A
All participants 23 2.30 (0.97–3.80) 0.64 (0–2.67)
Female 12 2.47 (1.50–3.80) 0.50 (0.02–2.40)
Male 11 2.09 (0.97–2.93) 0.82 (0.00–2.67)
Nonasthmatic 13 2.29 (0.97–3.53) 0.75 (0.00–2.67)
Asthmatic 10 2.32 (1.38–3.80) 0.50 (0.05–1.84)
Study B
All participants 22 2.54 (1.38–4.55) 39.06 (3.97–146.20)
Female 11 2.83 (1.87–4.36) 48.93 (4.52–138.30)
Male 11 2.35 (1.38–4.55) 33.38 (3.97–146.20)
Study A analyzed IL-6 samples using ELISA plates, whereas study B used the Luminex bead assay system. IL-6 data 
were transformed to standard scores (Z-scores) before compilation into single data set. Thompson et al.
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observed significant correlations among NO2, 
SO2, CO, and PM2.5. NO2, SO2, and CO 
were negatively correlated with O3.
Regression results. IL-6 was positively cor-
related with each of the pollutants investi-
gated and reached statistical significance at 
the 95% level with O3 and SO2 (Figure 1). 
Associations increased with longer moving 
averages, with statistical significance being 
reached with the 1- to 6-day moving average 
for O3 and the 4- and 5-day moving average 
for SO2. We observed similar trends for NO2 
and PM2.5. We observed the strongest asso-
ciation between IL-6 and O3 using the 4-day 
moving average: a 0.31 SD increase in IL-6 
per O3 IQR [95% confidence interval (CI), 
0.08–0.54]. The 4-day moving average for 
SO2 showed a 0.25 SD increase in IL-6 per 
SO2 IQR (95% CI, 0.06–0.43). The positive 
association between IL-6 and each pollutant 
declined with moving averages longer than 
6 days. Fibrinogen was not significantly corre-
lated with any of the pollutants investigated, 
and we found no trend for increasing moving 
averages (Figure 2).
Effect modification by season. Pollution 
associations with level of IL-6 varied by sea-
son, with higher effects of O3 on IL-6 in 
the spring and summer and higher effects of 
PM2.5 in the summer. NO2 associations with 
IL-6 were elevated both in summer (mar-
ginally) and in winter. The significance of 
the effect modification increased with mov-
ing averages up to 3 days, with the strongest 
effects occurring using 2-day moving averages 
(Figure 3). We observed no effect modifica-
tion by season for fibrinogen and the investi-
gated pollutants.
Discussion
In measurements taken before controlled 
chamber exposure to pollution, study partici-
pants had elevated systemic levels of IL-6 in 
response to elevations in the previous 4-day 
cumulative averages of ambient O3 and SO2 
levels. IL-6 responses tended to be higher in 
the spring and summer for O3 and in the 
summer for PM2.5. In Toronto these are sea-
sons when open windows may allow more 
penetration of O3 (Ren et al. 2006; Stafoggia 
et al. 2008) and when mixtures of O3 and 
particulate pollution may be more prominent.
The observed correlations for the pol-
lutants and meteorologic parameters in this 
study (Table 3) were consistent with the pri-
mary sources of the pollutants in the study 
region and established atmospheric chemical 
processes. The negative correlation between 
O3 and NO2 is in keeping with the process of 
nitric oxide scavenging O3 in the atmosphere 
and the photodissociation of NO2 to nitric 
oxide and O3 (Beaney and Gough 2002). 
The correlation among CO, SO2, and NO2 
suggests traffic as the common source. This 
premise is also supported by the fact that the 
hour-of-day effect for each pollutant peaked 
in the mornings and, to a lesser extent, the 
afternoons and the day-of-week effect showed 
a drop on weekends.
The literature documents pollutant-
  associated elevations in pulmonary IL-6 in 
healthy subjects (in vivo) and tissue (in vitro) 
(Arsalane et al. 1995; Carter et al. 1997; 
Devlin et al. 1991; Nordenhäll et al. 2000; 
Quay et al. 1998; Rückerl et al. 2007). 
Elevations in systemic IL-6 with elevated PM 
pollution have also been found in subjects 
with preexisting chronic inflammatory condi-
tions (Dubowsky et al. 2006). Our study adds 
to the conclusion that pollution may increase 
systemic inflammation even in young healthy 
subjects. In young people, beyond the acute 
subclinical effects, recurrent low-grade acute 
inflammatory responses to pollution may ulti-
mately have implications for the evolution of 
atherosclerosis and other processes influenced 
by inflammation (Künzli et al. 2005).
Fibrinogen was not significantly associ-
ated with any of the pollutants considered 
in this investigation. It may be that ambient 
levels of PM2.5 in this study were too low 
to induce a significant effect. This hypoth-
esis is supported by the literature, which has 
reported no significant association between 
ambient pollution and fibrinogen at low levels 
of exposure (Pope et al. 2004; Rückerl et al. 
2006) but significant associations with high 
exposures such as during high air pollution 
episodes or controlled human exposure stud-
ies (Ghio et al. 2000).
In our study of young healthy subjects, we 
found that cumulative exposure to pollution 
over longer periods of time (3–6 days) was 
Table 2. Pollutant and meteorologic data by season, 14 July 1999 to 27 March 2006 (mean ± SD).
Pollutant Spring Summer Autumn Winter Annual
O3 (ppb) 26.42 ± 13.55 30.80 ± 18.76 16.89 ± 13.40 13.78 ± 9.27 21.94 ± 15.78
NO2 (ppb) 24.98 ± 13.36 20.83 ± 11.54 22.61 ± 11.19 26.78 ± 10.70 23.79 ± 11.95
SO2 (ppb) 3.09 ± 11.40 2.95 ± 13.62 3.61 ± 3.60 4.60 ± 4.67 3.57 ± 9.31
PM2.5 (µg/m3) 7.52 ± 7.29 12.34 ± 11.26 7.70 ± 8.05 6.12 ± 4.98 8.46 ± 8.57
Temperature (°C) 7.47 ± 7.86 21.11 ± 4.88 10.93 ± 7.22 –2.85 ± 6.17 9.22 ± 10.82
Humidity (%) 64.20 ± 17.83 66.69 ± 16.39 73.31 ± 15.13 74.25 ± 12.41 69.58 ± 16.16
Table 3. Meteorologic and pollutant data (daily averages): Spearman rank correlation coefficients for the 
study period 14 July 1999 to 27 March 2006.
CO NO2 O3 SO2 PM2.5 Humidity Temperature
CO 1.00 0.49 –0.24 0.43 0.25 –0.06 –0.10
NO2 1.00 –0.53 0.44 0.41 –0.11 –0.19
O3 1.00 –0.19 0.03** –0.23 0.32
SO2 1.00 0.45 –0.10 –0.09
PM2.5 1.00 0.10 0.42
Humidity 1.00 0.05
Temperature 1.00
All correlations p < 0.01 unless otherwise specified. 
**p = 0.148.
Figure 1. Associations between IL-6 and (A) O3, (B) SO2, (C) NO2, and (D) PM2.5, per IQR. All models were 
adjusted for age, sex, BMI, asthma, day of the week, season, temperature (24-hr moving average), and 
relative humidity (24-hr moving average). Data are mean changes in IL-6 SDs with 95% CIs.
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associated with the strongest associations with 
elevated IL-6. In elderly subjects with diabetes 
or obesity, longer cumulative averages also 
resulted in the greatest effects on inflamma-
tion in a study of PM2.5 effects on CRP, IL-6, 
and white blood cells (Dubowsky et al. 2006). 
Rückerl et al. (2007) found an increase in 
IL-6 associated with particle number concen-
tration, with a shorter lag of 12–17 hr. It may 
be that because all of our blood draws took 
place at 1000 hours, the 2- to 12-hr moving 
averages represent times when most subjects 
were in their homes; this may have attenuated 
the more immediate effects of outdoor pollu-
tion levels. Alternatively, at these levels of pol-
lution, a longer cumulative exposure may be 
needed for this inflammatory response.
A limitation of this study was the small 
sample size, which limited power to test for 
interactions. Additional limitations include 
the absence of indoor home monitoring and 
the use of fixed-site ambient pollution moni-
toring, which may result in exposure misclas-
sification, particularly for ambient pollutants 
that have strong local sources (Briggs et al. 
1997). Each of these limitations would be 
expected to bias the results toward the null. 
Although we found that the association of 
many of the pollutants with elevated IL-6 was 
greater in the summer, correlation among the 
pollutants and limited numbers of observa-
tions made it difficult to evaluate which of the 
pollutants, or which mixture of pollutants, 
was leading to the increased inflammatory 
response. We could not confirm the asso-
ciations of ambient pollution with inflamma-
tion by using additional complementary end 
points (e.g., CRP, tumor necrosis factor-α). 
We are able to describe relative but not abso-
lute changes of IL-6 levels in response to pol-
lution because we transformed the data to 
Z-scores in order to combine data from two 
separate studies.
The potential implications of the findings 
of this study extend beyond demonstrating 
that ambient pollutant exposure has a signifi-
cant effect on baseline systemic levels of IL-6. 
Knowledge regarding the effect of prior ambi-
ent pollution exposure in baseline evaluation 
of systemic inflammation in human chamber 
exposure studies is important for interpreta-
tion of the results of such studies. Ning et al. 
(2004), using in vitro studies, demonstrated 
that “priming” of lung epithelial cells with 
inflammatory mediators before exposure to 
fine CAPs resulted in a greater inflammatory 
response. By analogy, priming of baseline 
inflammatory status by prior ambient air pol-
lution exposure could modify the response 
of human subjects to controlled pollutant 
exposure in chamber studies. Such effect mod-
ification could lead to nondifferential misclas-
sification bias (trials are conducted in random 
order), resulting in an underestimation of the 
true effect that pollutant exposure has on the 
induction of inflammation in humans.
Alternatively, ambient pollution could 
potentially prime and amplify the response to 
exposure in the chamber. A third possibility 
is that adaptation through ambient exposures 
to pollution could dampen certain immuno-
logic or physiologic responses to acute cham-
ber exposures (Bell et al. 1977). Finally, if 
prior exposure to ambient pollution were to 
equally affect pre- and postexposure measure-
ments, then there would be much less con-
cern about taking prior exposures to ambient 
pollutants into effect when doing controlled 
exposure studies. Investigation of the effects 
of cumulative ambient exposures to pollutants 
on responses to controlled human chamber 
exposure to pollutants will help in the inter-
pretation of these studies.
Conclusion
Our results support previous findings of an 
association between ambient pollution and 
IL-6. In our analysis, exposure to ambient lev-
els of O3 and SO2 was positively and signifi-
cantly associated with a systemic inflammatory 
response as measured by systemic levels of IL-6. 
The association between IL-6 and O3 and SO2 
demonstrated a cumulative lag effect with the 
strongest effects observed using 3- to 5-day 
moving averages. Pollution effects varied by 
season. Fibrinogen levels were not correlated 
with any of the investigated pollutants. Having 
demonstrated an effect of ambient pollutant 
exposure on baseline systemic levels of IL-6, 
future research should focus on whether ambi-
ent pollution exposure modifies the effect of 
inflammatory responses to controlled pollution 
exposures human chamber studies.
Figure 2. Associations between fibrinogen (g/L) and O3 (A), SO2 (B), and NO2 (C) per 1 ppb increase, and 
PM2.5 (D) per 1 µg/m3 increase. All models were adjusted for age, sex, BMI, asthma, day of the week, 
season, temperature (24-hr moving average), and relative humidity (24-hr moving average). Data are mean 
changes in fibrinogen with 95% CIs.
0.03
0.02
0.02
0.01
0.01
0
–0.01
–0.01
–0.02
0.02
0.01
0.01
0
–0.01
–0.01
–0.02
–0.02
0.08
0.06
0.04
0.02
0
–0.02
–0.04
–0.06
–0.08
0.03
0.02
0.01
0
–0.01
–0.02
–0.03
–0.04
C
h
a
n
g
e
 
ﬁ
b
r
i
n
o
g
e
n
 
(
g
/
L
)
C
h
a
n
g
e
 
ﬁ
b
r
i
n
o
g
e
n
 
(
g
/
L
)
C
h
a
n
g
e
 
ﬁ
b
r
i
n
o
g
e
n
 
(
g
/
L
)
C
h
a
n
g
e
 
ﬁ
b
r
i
n
o
g
e
n
 
(
g
/
L
)
Baseline
2 hr
4 hr
6 hr
12 hr
1 day
2 day
3 day
4 day
5 day
6 day
7 day
Baseline
2 hr
4 hr
6 hr
12 hr
1 day
2 day
3 day
4 day
5 day
6 day
7 day
Baseline
2 hr
4 hr
6 hr
12 hr
1 day
2 day
3 day
4 day
5 day
6 day
7 day
Baseline
2 hr
4 hr
6 hr
12 hr
1 day
2 day
3 day
4 day
5 day
6 day
7 day
Moving averages Moving averages
Moving averages Moving averages
O3 
NO2  PM2.5 
SO2 
Figure 3. Effect modification of associations between IL-6 and CO, NO2, O3, SO2, and PM2.5 by season using 
2-day moving averages. All models were adjusted for age, sex, BMI, asthma, day of the week, temperature 
(24-hr moving average), and relative humidity (24-hr moving average). Data are mean changes in IL-6 SD 
with 95% CIs for an IQR increase in each pollutant.
2.00
1.50
1.00
0.50
0
–0.50
–1.00
W
i
n
t
e
r
S
p
r
i
n
g
S
u
m
m
e
r
A
u
t
u
m
n
W
i
n
t
e
r
S
p
r
i
n
g
S
u
m
m
e
r
A
u
t
u
m
n
W
i
n
t
e
r
S
p
r
i
n
g
S
u
m
m
e
r
A
u
t
u
m
n
W
i
n
t
e
r
S
p
r
i
n
g
S
u
m
m
e
r
A
u
t
u
m
n
W
i
n
t
e
r
S
p
r
i
n
g
S
u
m
m
e
r
A
u
t
u
m
n
CO (ppm)
M
e
a
n
 
c
h
a
n
g
e
s
 
i
n
 
I
L
-
6
 
S
D
O3 (ppb)  NO2 (ppb) PM (µg/m3) SO2 (ppb)Thompson et al.
124  v o l u m e  118 | n u m b e r 1 | January 2010  •  Environmental Health Perspectives
RefeRences
Arsalane K, Gosset P, Vanhee D, Voisin C, Hamid Q, Tonnel AB, 
et al. 1995. Ozone stimulates synthesis of inflammatory 
cytokines by alveolar macrophages in vitro. Am J Respir 
Cell Mol Biol 13(1):60–68.
Baccarelli A, Martinelli I, Zanobetti A, Grillo P, Hou LF, 
Bertazzi PA, et al. 2008. Exposure to particulate air pol-
lution and risk of deep vein thrombosis. Arch Intern Med 
168(9):920–927.
Baccarelli A, Zanobetti A, Martinelli I, Grillo P, Hou L, 
Giacomini S, et al. 2007. Effects of exposure to air pollution 
on blood coagulation. J Thromb Haemost 5(2):252–260.
Beaney G, Gough WA. 2002. The influence of tropospheric 
ozone on the air temperature of the city of Toronto, 
Ontario, Canada. Atmos Environ 36(14):2319–2325.
Bell KA, Linn WS, Hazucha M, Hackney JD, Bates DV. 1977. 
Respiratory effects of exposure to ozone plus sulfur diox-
ide in southern Californians and eastern Canadians. Am 
Ind Hyg Assoc J 38(12):696–706.
Bhatnagar A. 2006. Environmental cardiology: studying mecha-
nistic links between pollution and heart disease. Circ Res 
99:692–705.
Briggs DJ, Collins S, Elliot P, Fischer P, Kingham S, Lebret E, 
et al. 1997. Mapping urban air pollution using GIS: a regres-
sion-based approach. Int J Geogr Inf Sci 11(7):699–718.
Brook RD, Franklin B, Cascio W, Hong Y, Howard G, Lipsett M, 
et al. 2004. Air pollution and cardiovascular disease: a 
statement for healthcare professionals from the Expert 
Panel on Population and Prevention Science of the 
American Heart Association. Circulation 109:2655–2671.
Carter JD, Ghio AJ, Samet JM, Devlin RD. 1997. Cytokine pro-
duction by human airway epithelial cells after exposure to 
an air pollution particle is metal-dependent. Toxicol Appl 
Pharmacol 146(2):180–188. 
Cesari MP, Brenda WJH, Newman AB, Kritchevsky SB, 
Nicklas BJ, Sutton-Tyrrell K, et al. 2003. Inflammatory 
markers and onset of cardiovascular events: results from 
the Health ABC Study. Circulation 108(19):2317–2322. 
Chuang KJ, Chan CC, Su TC, Lee CT, Tang CS. 2007. The effect 
of urban air pollution on inflammation, oxidative stress, 
coagulation, and autonomic dysfunction in young adults. 
Am J Respir Crit Care Med 176:370–376.
Devlin RB, McDonnell WF, Mann R, Becker S, House DE, 
Schreinemachers D, et al. 1991. Exposure of humans to 
ambient levels of ozone for 6.6 hours causes cellular and 
biochemical changes in the lung. Am J Respir Cell Mol 
Biol 4(1):72–81.
Delfino RJ, Sioutas C, Malik S. 2005. Potential role of ultra-
fine particles in associations between airborne particle 
mass and cardiovascular health. Environ Health Perspect 
113:934–946.
Dockery DW, Pope A, Xu X, Spengler JD, Ware JH, Fay ME, 
et al. 1993. An association between air pollution and mor-
tality in six U.S. cities. N Engl J Med 329(24):1753–1759.
Dominici F, Peng RD, Bell ML, Pham L, McDermott A, Zeger SL, 
et al. 2006. Fine particulate air pollution and hospital 
admission for cardiovascular and respiratory diseases. 
JAMA 295:1127–1134.
Donaldson K, Stone V, Seaton A, MacNee W. 2001. Ambient 
particle inhalation and the cardiovascular system: poten-
tial mechanisms. Environ Health Perspect 109(suppl 
4):523–527.
Dubowsky SD, Suh H, Schwartz J, Coull BA, Gold DR. 2006. 
Diabetes, obesity, and hypertension may enhance asso-
ciations between air pollution and markers of systemic 
inflammation. Environ Health Perspect 114:992–998.
Fibrinogen Studies Collaboration. 2005. Plasma fibrinogen level 
and the risk of major cardiovascular diseases and non-
vascular mortality: an individual participant meta-analysis. 
JAMA 294(14):1799–1809.
Ghio AJ, Kim C, Devlin RB. 2000. Concentrated ambient air parti-
cles induce mild pulmonary inflammation in healthy human 
volunteers. Am J Respir Crit Care Med 162(3):981–988.
Gong H, Linn WS, Clark KW, Anderson KR, Sioutas C, Alexis NE, 
et al. 2008. Exposures of healthy and asthmatic volunteers 
to concentrated ambient ultrafine particles in Los Angeles. 
Inhal Toxicol 20(6):533–545.
Gong H, Linn WS, Sioutas C, Terrell SL, Clark KW, Anderson KR, 
et al. 2003. Controlled exposures of healthy and asthmatic 
volunteers to concentrated ambient fine particles in Los 
Angeles. Inhal Toxicol 15(4):305–325.
Gong H, Linn WS, Terrell SL, Anderson KR, Clark KW, Sioutas C, 
et al. 2004. Exposures of elderly volunteers with and with-
out chronic obstructive pulmonary disease (COPD) to con-
centrated ambient fine particulate pollution. Inhal Toxicol 
16(11–12):731–744.
Kannel WB, Wolf PA, Castelli WP, D’Agostino RB. 1987. 
Fibrinogen and risk of cardiovascular disease. The 
Framingham Study. JAMA 258(9):1183–1186.
Künzli N, Jerrett M, Mack WJ, Beckerman B, LaBree L, 
Gilliland F, et al. 2005. Ambient air pollution and athero-
sclerosis in Los Angeles. Environ Health Perspect 
113:201–206.
Nemmar A, Hoylaerts MF, Nemery B. 2006. Effects of particu-
late air pollution on hemostasis. Clin Occup Environ Med 
5(4):865–881.
Ning Y, Tao F, Qin G, Imrich A, Goldsmith C, Yang Z, et al. 
2004. Particle-epithelial interaction: effect of priming 
and bystander neutrophils on interleukin-8 release. Am J 
Respir Cell Mol Biol 30(5):744–750.
Nordenhäll C, Pourazar J, Blomberg A, Levin JO, Sandstroem T, 
Adelroth E. 2000. Airway inflammation following exposure 
to diesel exhaust: a study of time kinetics using induced 
sputum. Eur Resp J 15(6):1046–1051.
Pekkanen J, Brunner EJ, Anderson HR, Tiittanen P, Atkinson 
RW. 2000. Daily concentrations of air pollution and plasma 
fibrinogen in London. Occup Environ Med 57(12):818–822.
Personal Health Information Protection Act. 2004. S.O. 2004, 
Chapter 3 Schedule A.
Peters A, Dockery DW, Muller JE, Mittleman MA. 2001a. 
Increased particulate air pollution and the triggering of 
myocardial infarction. Circulation 103(23):2810–2815.
Peters A, Doring A, Wichmann HE, Koenig W. 1997. Increased 
plasma viscosity during an air pollution episode: a link to 
mortality? Lancet 349(9065):1582–1587.
Peters A, Fröhlich M, Döring A, Immervoll T, Wichmann H, 
Hutchinson WL, et al. 2001b. Particulate air pollution 
is associated with an acute phase response in men. 
Results from the MONICA-Augsburg study. Eur Heart J 
22(14):1198–1204.
Petrovic S, Urch B, Brook J, Datema J, Purdham J, Liu L, et al. 
2000. Cardiorespiratory effects of concentrated ambient 
PM2.5: a pilot study using controlled human exposures. 
Inhal Toxicol 12:173–188.
Pope C, Hansen A, Long ML, Nielsen RW, Eatough KR, 
Wilson NL, et al. 2004. Ambient particulate air pollution, 
heart rate variability, and blood markers of inflammation 
in a panel of elderly subjects. Environ Health Perspect 
112:339–345.
Quay JL, Reed W, Samet J, Devlin RB. 1998. Air pollution par-
ticles induce IL-6 gene expression in human airway epi-
thelial cells via NFk B activation. Am J Respir Cell Mol 
Biol 19:98–106.
Ren C, Williams GM, Tong S. 2006. Does particulate matter modify 
the association between temperature and cardio  respiratory 
diseases? Environ Health Perspect 114:1690–1696.
Ridker PM, Hennekens CH, Buring JE, Rifai N. 2000. C-reactive 
protein and other markers of inflammation in the predic-
tion of cardiovascular disease in women. N Engl J Med 
342(12):836–843.
Rückerl R, Greven S, Ljungman P, Aalto P, Antoniades C, 
Bellander T, et al. 2007. Air Pollution and inflammation 
(interleukin-6, C-reactive protein, fibrinogen) in myocardial 
infarction survivors. Environ Health Perspect 115:1072–1080.
Rückerl R, Ibald-Mulli A, Koenig W, Schneider A, Woelke G, 
Cyrys J, et al. 2006. Air pollution and markers of inflam-
mation and coagulation in patients with coronary heart 
disease. Am J Respir Crit Care Med 173(4):432–441.
Samet JM, Dominici F, Curriero FC, Coursac I, Zeger SL. 2000. 
Fine particulate air pollution and mortality in 20 U.S. Cities, 
1987–1994. N Engl J Med 343(24):1742–1749.
Schwartz J. 1999. Air pollution and hospital admissions 
for heart disease in eight U.S. counties. Epidemiology 
10(1):17–22.
Schwartz J. 2001. Air pollution and blood markers of cardio-
vascular risk. Environ Health Perspect 109(suppl 3):405–409.
Seaton A, Soutar A, Crawford V, Elton R, McNerlan S, Cherrie J, 
et al. 1999. Particulate air pollution and the blood. Thorax 
54(11):1027–1032.
Stafoggia M, Schwartz J, Forastiere F, Perucci CA; SISTI Group. 
2008. Does temperature modify the association between 
air pollution and mortality? A multicity case-crossover 
analysis in Italy. Am J Epidemiol 167(12):1476–1485.
Steinvil A, Kordova-Biezuner L, Shapira I, Berliner S, Rogowski 
O. 2008. Short-term exposure to air pollution and inflamma-
tion-sensitive biomarkers. Environ Res 106:51–61.
Volpato S, Guralnik JM, Ferrucci L, Balfour J, Chaves P, Fried 
LP, et al. 2001. Cardiovascular disease, interleukin-6, and 
risk of mortality in older women: the women’s health and 
aging study. Circulation 103(7):947–953.